Heterozygous loss-of-function SMAD3 (Mothers against decapentaplegic homolog 3) mutations lead to aneurysm-osteoarthritis syndrome (AOS). In the present study, we found that mice lacking Smad3 had a vascular phenotype similar to AOS, marked by the progressive development of aneurysms. These aneurysms were associated with various pathological changes in transmural inflammatory cell infiltration. Bone marrow transplants from Smad3 -/-mice induced aortitis and aortic root dilation in irradiated WT recipient mice. Transplantation of CD4 + T cells from Smad3 -/-mice also induced aortitis in Smad3 +/+ recipient mice, while depletion of CD4 + T cells in Smad3 -/-mice reduced the infiltration of inflammatory cells in the aortic root. Furthermore, IFN-γ deficiency increased, while IL-17 deficiency decreased, disease severity in Smad3 +/-mice. Cytokine secretion was measured using a cytokine quantibody array, and Smad3 -/-CD4 + T cells secreted more GM-CSF than Smad3 +/+ CD4 + T cells. GM-CSF induced CD11b + Gr-1 + Ly-6C hi inflammatory monocyte accumulation in the aortic root, but administration of anti-GM-CSF mAb to Smad3 -/-mice resulted in significantly less inflammation and dilation in the aortic root. We also identified a missense mutation (c.985A>G) in a family of thoracic aortic aneurysms. Intense inflammatory infiltration and GM-CSF expression was observed in aortas specimens of these patients, suggesting that GM-CSF is potentially involved in the development of AOS.
Introduction
Aortic aneurysm is a common cardiovascular illness that has a high mortality rate because of dissections and ruptures. Thoracic aortic aneurysms and dissections (TAAD) can be inherited in an autosomal dominant manner with variable clinical manifestations (1), such as Marfan syndrome (MFS), which is caused by FBN1 mutations (2) , and Loeys-Dietz syndrome (LDS), which is caused by TGFBR1 or TGFBR2 mutations (3) . TAAD can also be autosomal recessive, as in the case of cutis laxa type I (AR-CL), which is caused by FBLN4 mutations (4) .
The TGF-β cytokine pathway is involved in aortic aneurysm formation (5, 6) . TGF-β modulates proliferation and differentiation and is widely expressed in various cell types. In canonical signaling, TGF-β binds to the type II receptor, which connects to the type I receptor to form the TβRI/II complex. This complex phosphorylates receptor-activated Smad2 and Smad3, which then form a complex with Smad4, translocate to the nucleus, and regulate target gene transcription (7) . In addition, TGF-β induces noncanonical pathways, including RhoA and MAPKs, which include ERK, JNK, and p38 MAPK (8) (9) (10) .
Vascular tissue obtained from patients with thoracic aortic aneurysms at surgery or autopsy have enhanced TGF-β signaling, as demonstrated by nuclear accumulation of pSMAD2 in VSMCs and increased expression of connective tissue growth factor (CTGF), which is a TGF-β gene product (11) . Moreover, in Marfan mice, the disease is attenuated or prevented by administering neutralizing anti-TGF-β antibodies or a noncanonical pathway inhibitor (12, 13) . This study tests the hypothesis that different molecular mutations induce unique pathogenetic sequences to enhance TGF-β signaling (mainly by noncanonical pathways) and contribute to aneurysm formation.
However, some issues require further elucidation. First, there is no direct evidence demonstrating that aortic dilation is attenuated by TGF-β antagonism in other aortic aneurysm models. Second, most LDS-related TGF-βRI/II mutations are located in the intracellular receptor kinase domain and thus theoretically reduce TGF-β-mediated signaling. Furthermore, resistance to Ang-II-induced aneurysm formation in normocholesterolemic C57BL/6 mice is disrupted by systemic treatment with neutralizing anti-TGF-β antibodies (14) . This is the first evidence, to our knowledge, of a link between the antiinflammatory properties of TGF-β and aneurysm disease progression. Indeed, examination of pathological specimens from patients afflicted with MFS revealed decreased inflammatory cell infiltration in the aortic wall, as manifested by a normal inflammatory cell response to increased TGF-β. These data suggest that TGF-β has biphasic roles and functions in a cell-type-dependent manner in aneurysm pathogenesis.
Recently, heterozygous loss-of-function SMAD3 mutations were shown to induce aneurysm-osteoarthritis syndrome (AOS), which is characterized by arterial aneurysms, arterial tortuosity, and osteoarthritis at a young age as well as by the paradoxical enhancement of aortic wall TGF-β signaling (15) (16) (17) (18) .
Here, we show that Smad3-deficient mice have progressive aginginduced aortic root and ascending aorta dilation and die from aneurysm rupture and aortic dissection. These aneurysms display various pathological changes in transmural inflammatory cell infiltration.
Results

Murine Smad3 deficiency causes aneurysm rupture or aortic dissectioninduced death.
A previous report demonstrated that 50%-70% of Smad3 -/-mice die 3 months after birth because of infections adjacent to the mucosal surface (19) . The remaining mutant mice overcame infection and died suddenly after appearing healthy. To determine the cause of their unexplained death, we performed a necropsy on a Smad3 -/-mouse that died suddenly at 103 days of age and found evidence of vascular compromise, with hemopericardium causing cardiac tamponade ( Figure 1A ). Dramatic ascending aortic dilation with an aortic diameter increase of at least 2-fold was observed in Smad3 -/-mice compared with age-and sex-matched Smad3 +/+ mice ( Figure 1, A and B) . The results from direct examination by necropsy of a group of mice that did not show signs of infection indicated that a large proportion (15/21) of the Smad3 -/-mice died from a ruptured aneurysm at up to 8 months of age ( Figure 1C ). Serial aortic sectioning also revealed the dilation of aortic root and aortic dissection ( Smad3 -/-mice undergo progressive aortic root and ascending aortic dilation and aneurysm-associated pathological changes. We initiated a study to elucidate the mechanisms underlying this previously unrecognized vascular phenotype. At 2 weeks, 2 kinds of Smad3 -/-mice were easily identified. Some mice were obviously smaller prior to weaning, and they developed wasting syndrome and had multifocal pyogenic abscesses. The other mice were grossly normal and no infection or inflammation was found in most of their organs (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI67356DS1). To eliminate possible negative influences on the result, we chose the Smad3 -/-mice with normal appearance for the ensuing study. We first subjected a group of mice (n = 28) to Doppler ultrasound imaging and another group (n = 16) to direct examination by thoracotomy at 1, 2, 4, and 8 months of age. All of these Smad3 -/-mice subjected to Doppler ultrasound imaging (28/28) underwent progressive aortic root dilation. The dilation became pronounced and was evident as early as 2 months of age ( Figure 2, A and B) . The aortic root diameter at 1 month was 1.481 ± 0.35 mm (n = 7) in the Smad3 -/-mice versus 1.506 ± 0.28 mm in the Smad3 +/+ mice (n = 9) (P = 0.075, not significant), and at 2 months, these diameters had increased to 1.971 ± 0.15 mm (n = 7) in the Smad3 -/-mice
Figure 2
Smad3 -/-mice undergo progressive aortic root and ascending aorta dilation. (A) Representative photographs and ultrasound imaging of the aortic root and ascending aorta in Smad3 -/-mice at different ages. Arrows in the photographs of 2-month-old mice identify areas of neovascularization. (B) Aortic root and ascending aortic diameter, measured by echocardiography, at different ages in Smad3 +/+ (n = 9/time points) and Smad3 -/-(n = 7/ time points) mice. *P < 0.01; **P < 0.001, Smad3 -/-versus Smad3 +/+ at the same age. (C) H&E staining showed inflammatory cell infiltration in the aortic roots and ascending aortas of Smad3 -/-mice (n = 12/time points) at different ages. EVG staining showed medial elastin degradation in the aortic roots and ascending aortas of Smad3 -/-mice (n = 11/time points) at different ages. Original magnification, ×200 (C). versus 1.529 ± 0.229 mm (n = 9) in the Smad3 +/+ mice, respectively (P ﹤ 0.001; Figure 2 , A and B). By 4 and 8 months of age, dilation or rupture began to occur in the ascending aorta of Smad3 -/-mice, whereas the diameter of the ascending aorta in the Smad3 -/-mice increased between 2 and 4 months of age. At 2 months of age, the diameter of the ascending aorta was 1.432 ± 0.146 mm (n = 7) in Smad3 -/-mice versus 1.451 ± 0.218 mm in the Smad3 +/+ mice (n = 9) (P = 0.092), and at 4 months, the diameter of the ascending aorta was 1.671 ± 0.313 mm (n = 7) in Smad3 -/-mice versus 1.469 ± 0.029 mm (n = 9) in the Smad3 +/+ mice (P ﹤ 0.001; Figure 2 , A and B). A detailed examination of heterozygous Smad3 +/-mice revealed delayed aortic root dilation (Supplemental Figure 2) , which indicates a gene dosage effect. We also found that the tendency for aneurysm rupture was not related to the aortic diameter. Observation of serial sections of the whole heart did not reveal defects in the cardiac outflow tract. Histological analysis demonstrated inflammatory cell infiltration with parallel worsening of aortic internal elastic lamina and lumen diameters ( Figure 2C and Figure 3A ). The dilated aortas were less translucent, which corresponded to an architectural change in the thickening vessel wall ( Figure 3B ) that generally spread to the right atrial root (Figure 2A) . Immunostaining with mouse α-actin and Western blot analysis 
Figure 4
Evidence for excessive TGF-β signaling in Smad3 -/-mouse aortas. (A) Immunostaining for LAP-TGF-β, p-Smad2, p-ERK1/2 and p-JNK1 on slides of aortic root and ascending aorta from Smad3 +/+ and Smad3 -/-mice aged 1 or 4 months. IHC analysis reveals that the positive staining of LAP-TGF-β, p-Smad2, p-Erk1/2, and p-JNK1 are predominantly located in the infiltrating inflammatory cells in the aortic root of 1-month-old Smad3 -/-mice, while there are increased expression and nuclear translocation of p-Smad2, p-ERK1/2, and p-JNK1 in the aortic media of 4-month-old Smad3 -/-mice. Original magnification, ×400. (B) Representative Western blot showing Smad1/5, Smad2, ERK1/2, JNK1, p-Smad1/5, p-Smad2, p-ERK1/2, and p-JNK1 levels in proximal ascending aortas from Smad3 +/+ and Smad3 -/-mice (1 and 4 months of age). The ratio between Smad1/5, Smad2, ERK1/2, JNK1, p-Smad1/5, p-Smad2, p-ERK1/2, and p-JNK1 to GAPDH levels is shown. *P < 0.01; **P < 0.001.
did not identify a difference at early stages ( Figure 3C ), but unbalanced SMC hyperplasia and aortic cross-sectional area reduction were observed at later stages ( Figure 3D ). Neovascularization plays an essential role in AAA formation; we found dense CD31 + cells at the Smad3 -/-aortic root ( Figure 3E ). AOS patient aneurysms were characterized by a paradoxical enhancement of TGF-β signaling in the aortic wall (15) . Therefore, we dynamically assessed the timing of TGF-β signaling and vascular distribution of the signals in Smad3 +/+ and Smad3 -/-mice. First, by immunohistochemical (IHC) staining, we detected the expression of phosphorylated Smad3 (p-Smad3) in the aortic root of Smad3 +/+ mice and found that at 2 weeks of vascular growth, p-Smad3 was strongly positive while it was relatively weaker at 4 and 8 weeks (Supplemental Figure 4) . These findings indirectly showed that TGF-β signals might play a role at an early stage of vascular growth. In fact, previous reports have demonstrated that absence of TGF-β on vessels might have an impact on the development of vessels (20) . Nevertheless, absence of Smad3 molecules on vessels alone is not sufficient to cause obvious structural abnormality at an early stage of development. As demonstrated in our study, no evident dilation was found at the aortic root and the ascending aorta of mice that were 1 month old. Then we detected total LAP-TGF-β (Latency Associated Peptide-), p-Smad2, p-ERK1/2, and p-JNK1 in aortic roots and ascending aortas from mice at 1 month and 4 months old. We found that positive staining for LAP-TGF-β, p-Smad2, p-ERK1/2, and p-JNK1 was predominantly located in the infiltrating inflammatory cells at the aortic root of Smad3 -/-mice and that no conspicuous positive staining was observed in relative intact SMCs of 1-month-old Smad3 +/+ and Smad3 -/-mice ( Figure 4A ). On the other hand, at the late stage (4 months), when aortas of Smad3 -/-mice experienced structural changes, intense LAP-TGF-β, p-Smad2, p-ERK1/2, and p-JNK1 staining was found in the SMCs in dilated areas (the root and ascending section of aorta) ( Figure 4A ). Western blot analysis also showed upregulation of p-Smad1/5, p-Smad2, p-ERK1/2 and p-JNK1 in the proximal ascending aorta from Smad3 -/-mice at 4 months of age ( Figure 4B ). Smad3 deficiency did not affect the expression of Smad2, ERK, and JNK in SMCs ( Figure 4B ). So we are inclined to believe that upregulated TGF-β in SMCs at the later stage might be a repairing mechanism of aorta in response to inflammatory damage and that the infiltration of inflammatory cells at the early stage was due to increased invasiveness of inflammatory cells caused by disordered signaling of TGF-β in the cells, while focal loss of SMCs might be caused by degradation as a result of intense local inflammation and breakage of aortic media layer due to the vascular stress.
Aneurysms occur in the context of chronic inflammation. We demonstrated that aortic dilation in Smad3 -/-mice is initiated in the aortic root. Although fragmentation and degradation of the intact elastic lamina is found at late stages, visualization with the naked eye did not reveal obvious differences in the early stages (1 month); however, dense transmural inflammatory cells infiltrated the aortic root when elastic fiber integrity was changed ( Figure 5A ). Over a period of several months, this grade of inflammatory cell infiltration was associated with aortic root and ascending aorta dilation. Inflammation also developed in the coronary arteries, as manifested by varying degrees of stenosis/occlusion or dilation. The aortic valve was frequently infiltrated by monocytes in the Smad3 -/-mice (Supplemental Figure 5) . However, it remains unclear whether inflammation is a cause or a consequence of aortic dilation, and the specific inflammatory mediators that are involved in this process are also unknown.
To investigate the role of hematopoietic cells in aneurysm onset in Smad3 -/-mice, we generated chimeras in which irradiated 6-week-old Smad3 +/+ mice or Smad3 -/-mice were reconstituted with Smad3 -/-or Smad3 +/+ BM after 3 months. The mice were subjected to Doppler ultrasound imaging, and the aortas were removed for histology. Although aortic root dilation and inflammatory and elastic lamina degradation were worse in Smad3 -/-animals that had been reconstituted with Smad3 -/-marrow, inflammation and elastic lamina degradation were suppressed in Smad3 -/-mice that received Smad3 +/+ marrow, which is consistent with a role for hematopoietic cells in aneurysm onset ( Figure 5B ). Furthermore, isolated Smad3 -/-hematopoietic cells were sufficient to initiate spontaneous inflammation and aortic root dilation in Smad3 +/+ littermates ( Figure 5B ). The aortic root in Smad3 +/+ mice with Smad3 -/-mouse marrow had similar transmural inflammatory characteristics and relatively mild dilation when compared with the aortic root in Smad3 -/-mice that were reconstituted with Smad3 -/-marrow ( Figure 5C ).
CD4 + T cells are responsible for aneurysm development.
Based on the results from the previous section, we decided to further investigate the relationship between inflammation and aneurysm development in this mouse model. A previous report demonstrated that mice lacking IL-1Ra have a similar spontaneous aortic root inflammation phenotype and that CD4 + T cells are responsible for aortitis development (21, 22) . Disturbed TGF-β signaling is associated with autoimmunity (23). The observation of abundant CD4 + cell infiltration at sites of arterial inflammation in Smad3 -/-mice also supports this notion. Thus, we examined the role of T cells in aortitis development by transplanting peripheral CD4 + T cells from Smad3 -/-mice into Smad3 +/+ littermates. T cell transplantation from Smad3 -/-mice induced aortitis in Smad3 +/+ littermates (Table 1) , but not in Smad3 +/+ mice that had received Smad3 +/+ CD4 + T cells, which indicates that T cells are involved in aortitis development. To assess whether the depletion of CD4 + T cells in Smad3 -/-mice would prevent the infiltration of inflammatory cells in the aortic root, we injected CD4-depleting mAb (GK1.5) at a dose of 0.1 mg on 3 days per week into Smad3 -/-mice at 2 weeks of age, when the aorta was relatively normal. Six weeks later, the aortas were observed, and it was found that the infiltration of inflammatory cells was significantly reduced as compared with that in mice injected with control IgG (Figure 6 , A and B), indicating that lack of CD4 + T cells in Smad3 -/-mice might ameliorate the inflammation to a certain extent.
Distinct inflammation patterns may influence the clinical course of arterial disease, such as aneurysm or stenotic atherosclerotic lesions. Therefore, we employed a vascular transplantation model that reflects CD4 + T cell-mediated adaptive immunology. Vascular transplants from Balb/c donors to Smad3 +/-hosts (that were crossed into a C57BL/6 background for at least 6 generations) resulted in profound aneurysm formation. The gross appearance ( Figure 7 , A and B) and histologic appearance (Figure 7 , C-F) of transverse aortic allograft sections from Smad3 +/+ or Smad3 +/-littermate recipients 12 weeks after transplantation are depicted. Allografts in Smad3 +/-hosts also demonstrated a markedly fragmented elastic lamina in the aortic media that was not observed in Smad3 +/+ littermate recipient allografts ( Figure 7 , E and F), which means that infiltration of CD4 + T cells lacking Smad3 may induce aortic dilation.
Smad3 -/-CD4 + T cells secrete GM-CSF, which is important in AOS.
Given that CD4 + T cells are responsible for aortitis development, we sought to determine which cells or inflammatory mediators are involved in this disease. Since CD4 + T cells are divided into Th1, Th2, Th17, Th22, and Th9 (24) , and most studies focused only on Th1 (secreting IFN-γ) and Th17 (secreting IL-17), which are believed to predominantly contribute to the pathological changes in autoimmune and inflammatory aneurysm (25, 26) , we selected IL-17 and IFN-γ for use in this study. First, we performed immunohistochemistry on our mouse samples and determined that IFN-γ and IL-17 were expressed in the inflammatory cells (Supplemental Figure 6A) .Then, to investigate whether these cytokines play a role in our model, we crossed our mice into a C57BL/6 background for at least 6 generations and generated IFN-γ-and IL-17-deficient Smad3 +/-mice. Both the IFN-γ-and the IL-17-deficient littermates grew normally and did not exhibit inflammation. Smad3 +/-mice exhibited inflammation and progressive aortic root dilation at 8 months. Smad3 +/-Ifng -/-mice exhibited increased inflammation and aortic dilation, whereas Smad3 +/-Il17 -/-mice were improved when compared with the Smad3 +/-mice (Supplemental Figure 6B ). CD4 + T cells initiated aortic root inflammation, and the loss of IFN-γ exacerbated this inflammation and aortic dilation; therefore, we examined CD4 + T cell-secreted cytokines. We isolated CD4 + T cells (Supplemental Figure 6C ) and detected more activated phenotypes in Smad3 -/-CD4 + T cells than in Smad3 -/-CD4 + T cells. Then we used a 21-cytokine detection panel to survey cytokine secretion by CD4 + T cells in vitro under neutral priming conditions. We determined that T cells from Smad3 -/-and Smad3 -/-mice produced similar levels of Th1-related cytokines including IFN-γ and most of the Th-2-related cytokines (IL-4, IL-5, and IL-9) ( Figure 8A ). A significant increase was detected in IL-2, IL-6, IL-13, and GM-CSF in Smad3 -/-CD4 + T cells ( Figure 8A ). IL-2 and IL-6 regulate T cell proliferation, which has been reported in Smad3 -/-mice. IL-13 is an important Th2-related cytokine. We were interested in GM-CSF, which is a growth and differentiation factor for hematopoietic progenitor cells, but can also function as a proinflammatory mediator in a range of pathological conditions. GM-CSF is produced by a wide variety of cell types, including T cells. GM-CSF-deficient T cells have been shown to induce EAE (27) , myocarditis (28), and arthritis (29). IL-1β or IFN-γ deficiency has also been shown to significantly induce GM-CSF expression (27, 30, 31) , which may explain the disease severity observed in Smad3 +/-Ifng -/-mice. Smad3 -/-CD4 + T cells produced more GM-CSF than Smad3 +/+ CD4 + T cells, which was confirmed by flow cytometry and immunofluorescence ( Figure 8B ). In splenocytes under neutral priming conditions, IFN-γ deficiency increased GM-CSF production by Smad3 +/-CD4 + T cells, whereas IL-17 suppressed it (Supplemental Figure 6 , D and E). We did not detect differences in other subsets (Supplemental Figure 7A) . We also isolated CD4 + T cells from WT mice and investigated the role of the TGF-β/Smad3 axis in these cells upon activation or transformation under GM-CSF priming conditions, as described previously. Fewer transformed GM-CSF + CD4 + T cells were obtained from WT mice in the presence of TGF-β and more transformed GM-CSF + CD4 + T cells in the presence of Smad3 inhibitor (SIS3) (Supplemental Figure 7 , B and C), as confirmed by the detection of GM-CSF in the supernatants (Supplemental Figure 7C) . Given the evidence linking aortic root inflammation severity to GM-CSF, we administered anti-GM-CSF mAbs or control IgG to 2-week-old Smad3 -/-mice and measured aortic root inflammation to determine whether GM-CSF neutralization inhibits inflammatory cell accumulation in the aortic root. We found that neutralizing GM-CSF with anti-GM-CSF mAbs for 6 weeks resulted in significantly less inflammation ( Figure 8, C and D) . Infiltrated cells were predominantly GM-CSF-regulated CD11b + Gr-1 + cells. As previously described, GM-CSF stimulates myeloid cell mobilization from the BM and increases the number of CD11b + Gr-1 + cells at the inflammatory site (32) . Many tumor cell types lose TGF-β responsiveness and secrete GM-CSF, which recruits Gr-1 + CD11b + myeloid cells to promote metastasis (33) . In Smad3 -/-mice, the cells that accumulated in the aortic root were predominantly monocytes. To gain insight into whether these cells are regulated by GM-CSF, we used flow cytometry to analyze their phenotype. We first used a modified collagenase/elastase digestion method to dissociate the cellular aortic components for quantitative, multiparametric flow cytometry analysis (34) . To isolate monocytes within the dissociated aortic cell population, cells were subjected to flow cytometry analysis by gating for CD11b expression ( Figure 9A ). The CD11b + leukocytes were then gated for Gr-1 and Ly6C. We determined that approximately 60% of CD11b + cells expressed Gr-1, and these cells could be divided into 2 distinct populations: CD11b + Gr-1 + Ly-6C hi inflammatory monocytes (48.1% ± 3.6%) and CD11b + Gr-1 + Ly-6C lo inflammatory neutrophils (8.1% ± 2.1%) ( Figure 9A ). Expression of CCR2 in the CD11b + Gr-1 + Ly-6C hi inflammatory monocytes was confirmed by additional immunofluorescence staining ( Figure 9B ). Isolated aortic mononuclear cells were subjected to Wright-Giemsa staining, which revealed cells with a typical inflammatory monocyte shape ( Figure 9B ). To evaluate CD11b + Gr-1 + cell proliferation in situ, we employed immunohistochemistry and found that approximately 80% of the inflammatory cells were positive for Ki-67 ( Figure 9B ). GM-CSF promotes DC proliferation and activation; therefore, we analyzed CD11b + cells for MHC-II and CD11c expression, and found that CD11b + cells isolated from aortas of Smad3 +/+ mice had lower MHC-II and CD11c expression than those from Smad3 -/-mice ( Figure 9A ). Although CD11b + cells were present, no Gr-1 + cells were detected in the Smad3 +/+ mice aortic root ( Figure 9A ). These results demonstrate that GM-CSF may be involved in the recruitment of myeloid cells into the aortic root and the regulation of myeloid cell proliferation in situ. Tumor-bearing mice exhibited a high percentage of blood CD11b + Gr-1 + cells. A previous study using the same mouse model demonstrated elevated levels of blood neutrophils and monocytes; thus, we counted CD11b + Ly-6C hi cells in the BM, blood, spleen, and LNs. We found that the percentage and number of CD11b + Ly-6C hi cells in the BM, blood, and spleen were elevated in Smad3 -/-mice compared with Smad3 +/+ mice (Supplemental Figure  8, A and B) . This increased cell number and concentration disrupted the splenic structure and increased the fraction of CD11b + cells (Supplemental Figure 8C) . Infusion of GM-CSF or SIS3 into WT mice significantly increased the number of CD11b + Ly-6C hi cells, and treatment with a GM-CSF antibody reversed this increase (Supplemental Figure 8D ). We then isolated the inflammatory monocytes from the blood of Smad3 +/+ mice by flow cytometry and cultured them with or without GM-CSF or M-CSF (Supplemental Figure 8E) . M-CSF effectively induced the maturation of inflammatory monocytes and their transformation into fusiform wall-adherent cells and they no longer expressed Ly-6C (Supplemental Figure 8E) . GM-CSF maintained the most traits of the cells and promoted their proliferation. Without addition of any cytokines, the inflammatory monocytes hardly proliferated (Supplemental Figure 8E) . This finding indicates that Smad3-induced GM-CSF inhibition promotes the proliferation of CD11b + Ly-6C hi cells.
Increased matrix-degrading activity in Smad3 -/-mouse aortas and its abrogation by GM-CSF antibodies.
A previous study evaluated TGF-β-mediated suppression of MMPs in monocytes/macrophages and the role of high MMP expression and activity in monocytes/macrophages (14, 35) . To evaluate the expression of MMPs in the aorta, we first used the IHC test, which revealed that, in monocytes/ macrophages, the expression of MMP9 was stronger than that of MMP2 and MMP12 ( Figure 10A ). Then we extracted the total protein from the proximal aorta and performed Western blotting for MMP9 using an MMP9-specific mouse monoclonal antibody. We found that the expression of MMP9 was higher in Smad3 -/-aorta than that in Smad3 +/+ aorta ( Figure 10 , B and C). Because the IHC test, due to its limitations, didn't allow the detection of relatively lower MMP9 in SMCs and ECs and its activity, we zymographically analyzed the total protein extracted from the proximal aorta of Smad3 -/-mice and showed that the level of activated MMP9 was higher than that of MMP2 and MMP12 ( Figure 10, B and D) . This finding suggested that MMP9 might be a major member of the 3 MMPs that induced the matrix degradation. We believe that the SMCs/ECs exhibit MMP9 activity in the Smad3 -/-aortic root. In fact, in situ zymographical examination showed that MMP activity
Figure 8
Smad3 -/-CD4 + T cells secrete GM-CSF, which is an important cytokine in AOS. (A) Analysis of cytokine secretion by CD4 + T cells from Smad3 -/-and Smad3 +/+ mice (n = 5) using a mouse cytokine antibody array. *P < 0.05; **P < 0.01. (B) Smad3 -/-CD4 + T cells produced more GM-CSF than Smad3 +/+ CD4 + T cells, which was confirmed by flow cytometry and immunofluorescence staining. This difference was analyzed by comparing the percentage of CD4 + GM-CSF + T cells or counting their number in a high-power field. **P < 0.01. HPF, high-power field. Original magnification, ×400. (C) One-month-old Smad3 -/-mice were given anti-GM-CSF mAb, control IgG, or nothing. Four weeks later, changes in the aortic root were examined. **P < 0.01 versus control. (D) Representative images of H&E staining of transverse sections of the aortic roots from mice from these 3 groups. Original magnification, ×200.
was much higher in the medial layers of aortas from Smad3 -/-mice as compared with Smad3 +/+ mice ( Figure 10F ). Administration of GM-CSF antibody reduced the expression of MMP9 and abrogated MMP9/total MMP activity in aortas of Smad3 -/-mice ( Figure 10 , B-F). These results confirmed that MMP9 expression and gelatinase activity were elevated in a GM-CSF-dependent manner in aortas of Smad3 -/-mice.
GM-CSF expression in surgical aorta specimens of AOS patients. To detect the inflammatory infiltration and GM-CSF expression in aortas of human AOS patients, we sequenced all SMAD3 exons in 124 individuals with TAAD (35 % of which had a positive family history) and identified a missense mutation (c.985A>G) in a family of TAAD (FTTA) (Figure 11 , A and B, and Supplemental Table 1 ), which resulted in substitution of alanine for threonine ( Figure 11C ). Then we screened 700 unrelated healthy individuals serving as controls. No mutation was found in the corresponding controls. Besides, further analysis also showed that the mutation p.Thr329Ala was of pathogenic nature: (a) the mutation is highly conserved within different species ( Figure 11D) ; (b) we employed 2 classical computer programs to predict the possible impact of the mutation on the structure and function of SMAD3, and they both showed that the mutation was probably pathogenic (SIFT score = 0.06, PolyPhen score = 0.943); and (c) the mutation was in the MH1 domain of SMAD3 ( Figure 11C) , a very important functional domain, and could cause some comformational change of the protein. To investigate whether the inflammatory infiltration and GM-CSF expression take place in aortas of human AOS patients, we conducted an IHC test and found that a large number of CD45 + inflammatory cells infiltrated into the media of aorta from case 2 and a number of these inflammatory cells expressed GM-CSF ( Figure 11E ). In control aorta specimens, no positive staining for CD45 and GM-CSF was detected ( Figure 11E ). Therefore, GM-CSF might be potentially involved in the development of AOS.
Discussion
Since 2009, several reports have examined the phenotypic spectrum and cardiovascular consequences of AOS (15) (16) (17) (18) , which resembles other disorders such as MFS and LDS. Because AOS was discovered recently, the little existing information regarding disease mechanisms and progression was derived from studies on limited patient specimens. In the present study, we found that mice lacking Smad3 had a vascular phenotype similar to AOS, marked by the progressive development of aneurysms. Similar to MFS, LDS, and AOS, aortic dilation started at the aortic root, predominantly in the coronary sinus, although the ascending aorta subsequently became involved. Defects in elastin fibers and smooth muscle cytoskeletal elements were found in aneurysm tissue. Careful examination of the Smad3 -/-mouse vessel wall structure revealed preserved elastic fiber integrity. Elastic fiber fragmentation occurred later in life, when the lamellar structure was already established. This finding suggests that the defects observed in the Smad3 -/-mouse aortas did not arise from a developmental defect in elastic fiber organization, which is also supported by findings obtained from examination of the ascending aorta when the aortic root was enlarged. However, in fibulin-4-deficient mice, elastic lamina disruption was already evident as early as P1, and ascending aortic dilation appeared immediately after birth (4, 36, 37). Although in both mice, the pathological changes were characterized by the proliferation of SMCs, thickening of vascular
Figure 9
The infiltrated cells were predominantly CD11b + Gr-1 + cells, which were regulated by GM-CSF. (A) Dissociated aortic cells were gated on CD11b; CD11b + cells were gated on Gr-1 and Ly-6C, which contained CD11b + Gr-1 + Ly-6C hi inflammatory monocytes (55.2% ± 4.9%, n = 5) and CD11b + Gr-1 + Ly-6C mid inflammatory granulocytes (7.1% ± 2.3%, n = 5). Histograms showed that the CD11b + Gr-1 + Ly-6C hi cells expressed CCR2, which was confirmed by comparison to an isotype control. (B) WrightGiemsa staining of separated mononuclear cells from aortic tissue revealed the typical inflammatory monocyte shape of these cells. Immunofluorescence staining for CCR2 confirmed the infiltrated cells were inflammatory monocytes. Ki-67 immunostaining of the aortic wall (1-month-old Smad3 -/-mice). Approximately 80% of the inflammatory cells stained positive for Ki-67. Original magnification: ×400 (top), ×1000 (top, magnified inset); ×200 (middle), ×400 (middle, magnified inset); ×200 (bottom), ×400 (bottom, magnified inset).
that NF-κB activation caused by upregulated p-ERK1/2 can trigger the inflammatory response of SMCs. In fibulin-4-deficient mice, MMP9 was substantially upregulated, which was similar to what we found in Smad3 -/-mice.
We consistently found a focal loss of medial SMCs in Smad3 -/-mice. The total SMC cross-sectional area was increased, which indicated SMC proliferation and may, along with periarteriolar fibrosis thickening in the wall, explain why aneurysm rupture was not related to diameter. Careful laceration examination revealed that focal inflammation induced elastin degradation or medial SMCs at the site of the weak adventitia. All of these findings are similar to those found in inflammatory abdominal aortic aneurysms.
In the aortic root, we determined that the expression of p-Smad1/5, p-Smad2, p-ERK1/2 and p-JNK1 was predominant in inflammatory cells at 1 month and appeared in SMCs at walls, and infiltration of inflammatory cells, fibulin-4-deficient mice suffered from substantial structural changes in the elastic laminae of the aorta, including a granular look of elastin in the outer layers of the aorta, and the elastic fibers of the inner layer were fragmented and disorganized, which took place before the inflammation infiltration. In contrast, in fibulin-4-deficient mice, the infiltration of inflammatory cells occurred prior to the architectural change of aorta. We believe, in fibulin-4-deficient mice, the imbalance between the assembly/synthesis and degradation of the elastic fibers before birth was responsible for the aforementioned changes. Meanwhile, we hold that upregulation of p-ERK, one of the noncanonical TGF-β pathways, might be the common mechanism shared by 2 types of mice. p-ERK1/2 is upregulated at an early stage in fibulin-4-deficient mice, and p-ERK1/2 is elevated when the ascending aorta of Smad3 -/-mice is dilated. It has been shown months because of infections adjacent to the mucosal surface (19) . Although we examined the inflammatory infiltration principally in the subgroup of mice without infection, we had compared the aortas from the 2 subgroups (mice with and without overt infections) in advance. We found that the aortas from the 2 subgroups had similar inflammatory changes. We could not exclude lower levels of infection in Smad3 -/-mice without abscesses, but the inflammation of similar degree in both subgroups indicated that the infection may not be a critical factor that dictates the inflammatory infiltration. Although we could not eliminate the possibility that low-level infection increased the number of inflammatory cells in the vascular system, we are inclined to think that the change of inflammatory cells per se led to their accumulation at the aortic root.
In MFS, there are fewer inflammatory cells, which preserves the integrated signaling pathway response to TGF-β. However, in LDS or AOS, it remains unclear whether impaired immune cell TGF-β signaling induces autoimmune responses, as no related symptoms have been reported in LDS patients. AOS is characterized by early-onset osteoarthritis, in which the inflammatory features are unclear. In our mice, inflammation appeared in the aortic root, coronary arteries, and aortic valves, which is consistent with the cardiovascular phenotype of Kawasaki syndrome, which is an autoimmune disease. Indeed, a recent study demonstrated SMAD3 genetic variants; haplotypes were consistently and 4 months. At 1 month of age, the aortic root and ascending aorta were relatively normal. We hypothesize that excess TGF-β production by SMCs occurs at a later developmental stage and might be a compensatory mechanism/repairing mechanism of aorta in response to inflammatory damage induced by inflammationrelated factors. We believe that the activated JNK1 and ERK1/2 could promote the dilation of aorta, as in Marfan mice. But in our mouse model, since the inflammatory cells infiltrate the aortic root and chronic inflammation could also lead to aberrant proliferation and thickened vascular walls, it was hard for us to distinguish between the effect of disordered TGF-β signals and those of inflammatory infiltration on the functions of SMCs in our model. It has been reported that GM-CSF induced the upregulation of activin A, a member of the TGF-β superfamily, in human proinflammatory macrophages (38) . Activin A is involved in the regulation of several biological processes, including cell differentiation and proliferation, and more importantly, it could activate Smad2 (39) . Therefore, to determine whether and how the SMC defect contributes to aortic dilation, a conditional knockout of Smad3 in SMCs would be a useful model.
TGF-β plays a pivotal role in the regulation of immune responses. Disruption of the mouse TGF-β gene results in severe multifocal autoimmune disease (40) . Deficiency in Smad3, which is an important signaling molecule, causes death in mice after 3 Cross-species protein conservation of SMAD3 around the mutation (p.Thr329Ala) which is described by the IBIVU Server (http://www.ibi.vu.nl/programs/pralinewww/). (E) H&E staining and immunohistochemistry staining of transverse sections of aorta from a control (donor) and a patient with SMAD3 mutation. It showed inflammatory infiltration and increased GM-CSF expression in the aorta tissues from case 2. Original magnification, ×100 (top panels); ×400 (middle and bottom panels).
ing monocytes, surrounded these dilated vessels (51) . We believe pathological changes vary with different subsets of monocytes because there are 2 subsets of monocytes in the peripheral blood of mice, i.e., Ly-6C + and Ly-6C -, with the former being responsible for degradation and the latter for repairing. Previous work showed impaired homing of repairing monocytes from the patients with HHT-1 toward ischemic tissue (51) , which was consistent with what we observed in mice. At the aortic root of Smad3 -/-mice, we found a large number of degrading Ly-6C + cells. However, whether disordered TGF-β signaling in inflammatory cells affects the functions of these 2 kinds of cells cannot be known without further study. Further studies that evaluate the immune response in patients with AOS and LDS are necessary to provide more information on this subject.
In conclusion, we have demonstrated what we believe to be a novel pathogenic process for aneurysm development in Smad3-deficient mice. The results of this study emphasize a link between the antiinflammatory properties of TGF-β and aneurysm progression. In LDS (TβRI/II) or AOS (SMAD3), heterozygous loss-offunction mutations result in a failure of cells to transmit signals, which may affect the immune system. Thus, the results of this study may be useful for developing new drugs to inhibit aneurysm progression or rupture in LDS or AOS.
Methods
Animal care and use. Smad3 -/-mice were generated as previously described (19) . Heterozygous females (Smad3 +/-) were mated with heterozygous males (Smad3 +/-) to generate Smad3 +/+ , Smad3 +/-, and Smad3 -/-offspring. WT C57BL/6 mice were provided by the Institute of Laboratory Animal Sciences of the Chinese Academy of Medical Sciences (Beijing, China), and C57BL/6 Il17 -/-mice were provided by Yoichiro Iwakura (University of Tokyo, Tokyo, Japan). C57BL/6 Ifng -/-mice were obtained from Jackson Laboratories. Smad3 +/-Ifng -/-and Smad3 +/-Il17 -/-mice were backcrossed to C57BL/6 by crossbreeding. Offspring genotypes were determined by PCR analysis of tail DNA. Control mice were age-and sex-matched littermates.
Aortic transplantation. Eight-to twelve-week-old WT Balb/c mice, Smad3 +/-mice backcrossed to C57BL/6 for at least 6 generations, and Smad3 +/+ littermates were used as donors or recipients. Aortic transplantation was performed as described (52) .
Echocardiography. All of the echocardiograms were obtained using a highresolution Vevo 2100 Microimaging System with a 30-MHz transducer (Visualsonic). The aortas were imaged in the parasternal long-axis view, and 3 measurements of the sinuses of Valsalva or ascending aorta were obtained at the indicated time points. Echocardiograph acquisition and analysis were performed by an experienced echocardiographer who was blinded to the genotype and treatment.
Drug administration. Based on a study by Jinniu M et al., 2.5 mg/kg −1 /d −1 SIS3 or an equivalent vehicle volume was delivered by an implanted Alzet osmotic pump (Durect Corp.) for 1 week (53) . Recombinant GM-CSF (10 μg/kg −1 /d −1 ), anti-GM-CSF (300 μg), anti-CD4 (1 mg/d), or isotypematched antibody was injected intraperitoneally every other day.
Microscopic examination. For morphometric analysis, hearts, aortas, and spleens were harvested from mice at each time point. These samples were fixed overnight in 10% buffered formalin. Tissue was paraffin embedded and sectioned at 4 μm; H&E/elastic Von Gienson (EVG)/Masson staining was performed using routine techniques. The wall thickness at 12 different locations was measured by an observer blinded to the genotype of each mouse and the corresponding treatment. Elastin degradation and inflammatory cell infiltration at 8 sites were assessed by at least 2 blind observers. Elastin degradation and inflammatory cell infiltration were reproducibly associated with Kawasaki's disease (KD) susceptibility, coronary artery aneurysm formation, and aortic root dilation (41) . We have demonstrated that some peripheral CD4 + T cells from Smad3 -/-mice showed that activated phenotype could cause aortitis in Smad3 +/+ mice, suggesting that T cell-intrinsic dysfunction rather than abnormality of positive-negative selection of T cells in the thymus was responsible for the development of aortitis. Based on the finding that the aortic root but not the region of the coronary artery near the ostium was infiltrated by inflammatory cells and that in other parts of heart and other organs such as lungs, liver, and kidney, no obvious inflammation was observed, we thought that autoimmune responses against specific antigens on vessel walls might be induced. Aortic root infiltration can be explained 2 ways. First, the aortic root is susceptible to TGF-β signaling because of the embryonic origin of the vascular cells (42) . Second, blood flow can form an eddy within the sinus cavity and generate turbulence that possibly leads to EC damage (43) . It is unclear how these immune responses influence each other. In this study, we investigated GM-CSF levels as a potential mediator of the cooperation between the adaptive and innate immune responses. It is widely believed that Th17 cells are responsible for autoimmune inflammation (44) . However, a recent report demonstrated that autoreactive helper T cells lacking GM-CSF failed to initiate neuroinflammation despite their IL-17A or IFN-γ expression (27, 30) . Although targeted disruption of the mouse Tgf1 or Smad3 gene results in severe multifocal autoimmune disease, the signature cytokines that are responsible remain unknown. Here, we report that GM-CSF may be responsible for this disease phenotype. We found that GM-CSF neutralization with anti-GM-CSF mAbs resulted in marked less inflammation in the aortic roots of Smad3 -/-mice. IFN-γ deficiency exacerbated the disease, which is consistent with a report that IFN-γ inhibition induces aneurysms in allograft aortas or angiotensin II-infused ApoE -/-mice (45, 46) . IFN-γ deficiency induced GM-CSF secretion by activating CD4 + T cells in vitro. Additionally, inflammasome-derived IL-1β is required for GM-CSF production (31) . IL-1R-deficient mice are protected from LCWE-induced (L. casei cell wall extract-) coronary lesions in a mouse model of Kawasaki disease (47) . IL-1Ra -/-mice, in which CD4 + T cells are excessively activated by IL-1β, spontaneously develop aortitis, aneurysms, and inflammatory arthropathy and resemble the phenotype of the mice that were used in the present study (21) . Thus, we hypothesized that GM-CSF is a common link in the development of inflammatory aneurysms. Although a previous report demonstrated that GM-CSF neutralization ameliorated myocardial infarction, atherosclerosis, and vascular injury, to our knowledge, no report has evaluated GM-CSF neutralization in aneurysm formation, with the exception of a study demonstrating that GM-CSF administration to ApoE -/-mice induced abdominal aortic aneurysms (48) . Therefore, GM-CSF has a potential pathogenic effect on inflammatory aneurysms.
Pathological matrix remodeling, elastin degradation, and excessive SMC accumulation have been implicated in vascular injury development. To explain how mutation of TGF-β signal-related molecules, especially in inflammatory cells, leads to damage or remodeling of the vascular system, we can use the mechanism of hereditary hemorrhagic telangiectasia (HHT). HHT is caused by mutations of several TGF-β signal-related molecules, including ALK1, endoglin, and Smad4 (49, 50) , and mutation of Smad4, an obligate partner of Smad3, could induce the dilation of aorta (49) . At the early stage of HHT development, lymphocytes, includ-and TGF-β (10 ng/ml) (R&D Systems). To study monocyte proliferation, WT splenocytes (5 × 10 6 ) were cultured in 2 ml of complete medium in 24-well plates. In some experiments, cells were pretreated with 3 μM SIS3 (Sigma-Aldrich) or an equivalent volume of vehicle.
ELISA. For cytokine production measurements, CD4 + T cell supernatants were assayed for cytokine levels using a mouse cytokine quantibody array (RayBiotech). GM-CSF in the supernatants was measured using a specific ELISA kit from RayBiotech according to the manufacturer's instructions.
Western blot. Aortic tissues were lysed with sodium dodecyl sulfate (SDS) sample loading buffer. Lysates were boiled in sample buffer (200 mmol/l Tris [pH 6.8], 20% glycerol, 2% SDS, 0.1% bromophenol blue, and 10% β-ME), and the same amount of total protein from each lysate was loaded onto a 10% SDS-PAGE gel. After electrophoresis, proteins were transferred onto a nylon PVDF membrane and blocked overnight with 4% nonfat dry milk in TBS-T (100 mmol/l Tris, pH 7.5, 0.9% NaCl, 0.1% Tween-20). Thereafter, the membrane was incubated for 1 hour at room temperature with rabbit polyclonal anti-mouse Smad1/5, Smad2, ERK1/2, JNK1, p-Smad1/5, p-Smad2, p-Smad3, p-ERK1/2, p-JNK1 (Cell Signaling Technology), and MMP9 antibodies (R&D). Membranes were washed and incubated for 1 hour with horseradish peroxidase-labeled goat anti-rabbit IgGs (Cedarlane). Blots were developed using ECL (GE Healthcare).
Blood sample collection and screening for mutation of SMAD3. Genomic DNA was isolated from blood samples of 124 individual with TAAD using standard protocols with the Wizard Genomic DNA Purification Kit (Promega Corporation). We designed primers to amplify all SMAD3 exons and exonintron boundaries by general PCR. The general PCR was performed in a total of 25 μl volume containing 5 pmol of each primer, 25 ng of genomic DNA, 2.5 μl of 10× PCR buffer with 1.5 mmol/l MgCl2, 5 mmol dNTP, and 1 U of Taq polymerase. DNA sequence analysis was performed with either or both of the forward and reverse primers using the BigDye Terminator v3.1 Cycle Sequencing Kits on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The primers used for sequencing the mutation of c.985A>G were as follows: forward primer, CTGCTGTTCT-GCCTCCTTTG; reverse primer, CCTGTGCGGCTCGTTTAC. Sequence analyses were performed on Sequence Scanner v1.0.
Statistics. The values are expressed as the percentage or the mean ± SEM in bar graphs. Statistical tests include Student's t test (2 tail, assuming unequal variances) and the Mann-Whitney test. Kaplan-Meier survival curves were constructed and analyzed using the log-rank (Mantel-Cox) test. P ﹤ 0.05 was considered to be significant.
Study approval. Animal experiments were approved by the Institutional Animal Care and Use Committee at Huazhong University of Science and Technology. The study protocol for screening the mutation of SMAD3 in patients was approved by the Medical Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology and informed consent was obtained from all patients.
